Electron backscatter diffraction (EBSD) and electron channeling contrast imaging (ECCI) were used to examine microstructural changes of the austenitic low-density Fe-30.5Mn-8.0Al-1.2C (8Al) and Fe-30.5Mn-2.1Al-1.2C (2Al) (wt.%) steels during cold rolling. As the strain increased, deformation mechanisms, such as stacking faults, slip, mechanical twinning, and shear banding were activated in both steels cold rolled up to strain of 0.69. Only slip was noted in these steels at low strain (ε=0.11) and slip dominance was detected in the 8Al steel at higher strains. Shear banding became active at higher strain (ε~0.7) in these materials. An inhomogeneous microstructure formed in both alloys at such strain level. More extensive mechanical twinning in the 2Al alloy than that in the 8Al alloy was observed. Fish bone-like structure patterns were revealed in the 8Al steel and a river-like structure in the 2Al steel. Detailed microstructure features as elongated and fragmented grains along the rolling direction (RD) were found for both steels, as already observed in other high-Mn steels. These deformed structures are composed by lamellar packets which can contain mechanical twins or slip lines and shear bands.
Introduction
Austenitic high manganese lightweight steels have an excellent combination of strength and ductility (ultimate tensile strength: 1.0-1.5 GPa and elongation: 30-80%) at room temperature, due to the occurrence of different hardening mechanisms in their deformed microstructures, which were here characterized during cold rolling. These steels are good candidates for structural application purposes in the automobile industry RAABE, 2012, 2013) . Al addition in Fe-Mn-C alloys increases the corrosion resistance of austenitic steels, and causes precipitation of nano-sized (Fe,Mn) 3 AlC carbides (with an average size of 10 x 20 nm), which control the mechanical properties of the alloys in the Fe-Mn-Al-C system. Carbon is an austenite stabilizer and strengthener of these alloys. Dislocation substructure refinement and subsequent activation of deformation twinning (Twinning Induced Plasticity, TWIP effect) play a significant role in the strain-hardening of the Fe-30.5Mn-2.1Al-1.2C (wt.%) alloy. In the T W IP phenomenon, nucleated deformation twins gradually continue to emerge, increasing the amount of smaller new twins and acting as obstacles to gliding dislocations in the deformed microstructure (CHRISTIAN and MAHAJAN, 1995; BOUAZIZ et al, 2011) , with increasing strain (Hall-Petch effect). Strain hardening in the Fe-30.5Mn-8.0Al-1.2C alloy is also attributed to precipitation of κ-carbides and their role on the planar dislocation substructure development (HUANG et al, 1994; GUTIERREZ-URRUTIA and RAABE, 2012; PARK, 2012) . To avoid intergranular precipitation, alloying addition should be limited to within about 5.5 wt.% Al and 0.67 wt.% carbon, so as to avoid intragranular precipitation in alloys of the Fe-Mn-Al-C system, Al addition needs to be limited to about 6.2 wt.%, and carbon to about 1.0 wt.% (HUANG et al, 1994) . Wide stacking faults bounded by partial dislocations with smaller partial separation and delay mechanical twinning have been observed in the Fe-22Mn-3Al-0.6C steel, mainly due to its higher stacking fault energy, SFE, compared to that of the 0Al steel (PARK et al, 2010) . The Fe-30.5Mn-8.0Al-1.2C steel has an SFE of 63 mJ m -2 (GUTIERREZ-URRUTIA and RAABE, 2012). We may estimate a high SFE of 80-110 mJ m -2 for the Fe-30.5Mn-8.0Al-1.2C alloy studied here, as observed in the alloy sort with composition range of Fe-(28±2)Mn-(10±2) Al-(1±0.2)C (wt.%) (PARK, 2012) . The dependence of mechanical properties and deformation mechanisms has been examined in TWIP steels of the Fe-Mn-C system by different research groups (VERCAMMEN et al, 2004; BARBIER et al, 2009; BOUAZIZ et al, 2011; LÜ et al, 2011; DE COOMAN et al, 2011) . High-Mn TWIP steels have been considerably explored, while the Fe-30.5Mn-8.0Al-1.2C (8Al) and Fe-30.5Mn-2.1Al-1.2C (2Al) alloys have been studied only in the tensile-tested condition up to now RAABE, 2012, 2013) . Hence, the microstructure evolution in these austenitic 8Al and 2Al steels remain up to now not studied under the cold rolling condition. The aim of this work is to analyze the microstructure changes and associate them with the activated deformation mechanisms with progressing strain, owing to their high and medium SFE, respectively, as well as, assimilate them with some already studied cold-rolled Fe-Mn-C alloys. We performed the microstructure characterization of the 8Al and 2Al steels by using electron backscatter diffraction (EBSD) and electron channeling contrast imaging (ECCI).
Materials and methods
The chemical compositions of the steels were Fe-30.5Mn-8.0Al-1.2C and Fe-30.5Mn-2.1Al-1.2C (wt. %). Details on alloy processing can be found in (GUTIERREZ-URRUTIA and RAABE, 2013) . The 8Al alloy may present intragranular nano-sized κ-carbide precipitates (HUANG et al, 1994; PARK, 2012; GUTIERREZ-URRUTIA and RAABE, 2013) . The alloys were subsequently cold rolled down to thickness reductions with ε=0.11; 0.22; 0.36; 0.51; 0.69 (Figure 1 ). The steels were cold rolled up to 50% thickness reduction because the maximum force of the used laboratory rolling mill was not sufficient to further reduce the thickness of the specimens. Microstructures of the cold rolled materials were determined by the electron backscatter diffraction (EBSD) technique with step size of 5 μm from different regions on the specimens (with surface area of about 70 mm 2 ), reaching scanned total area of about 8 mm 2 in size for each sample. High resolution Kikuchi pattern images were scanned with step size of about 0.1 μm to microtexture analysis. The EBSD measurements were performed by a 6500 F JEOL field emission gun scanning electron microscope (FEG-SEM) equipped with a TSL OIM EBSD software system. EBSD scans were carried out on the specimen's plane surface, parallel to the rolling direction (RD) and normal direction (ND). The microscope was operated at 15 kV acceleration voltage and 15 mm working distance. Kikuchi pattern image quality (IQ) maps and Kernel average misorientation (KAM) maps were obtained by means of TSL-OIM software calculation to compose the microstructures. The mapping was realized through the misorientation measurement between a grain at the Kernel center and all points (third nearest neighbors) at the Kernel's perimeter in KAM map. The local misorientation value assigned to the center point is the average of these misorientations. The KAM map illustrates how the local deformation energy was accommodated on the deformed microstructure. The deformation mechanisms in the microstructure of the 8Al steel specimens were characterized by using the electron channeling contrast imaging (ECCI) technique combined with EBSD. This approach has been successfully applied to the characterization of dislocation and twin substructures in high-Mn steels. ECCI observations were carried out in a Zeiss Crossbeam instrument (XB 1540, Carl Zeiss SMT AG, Germany). Details on EBSD-based set-up used to obtain ECCI images can be found in (GUTIERREZ-URRUTIA et al, 2009 ).
Results
Cold rolling microstructures are shown on the Kikuchi pattern image quality (IQ) and Kernel average misorientation (KAM) maps in Figure 1 , which revealed that the hot-rolled materials is fully austenitic, i.e. fcc phase, containing equiaxed grains with grain size of 148 µm (8Al) and 102 µm (2Al). Figure 1 shows IQ maps of the 8Al and 2Al high-Mn steels cold rolled up to strain of 0.69, exhibiting the evolution of the deformed structures. It can be observed that the grains start to elongate and to fragment, resulting in a structure of grains elongated along the rolling direction (RD) with a fish bone-like structure patterns revealed in the 8Al steel, and a river-like structure in the 2Al steel, at the higher strain level, as already found in some highMn steels (VERCAMMEN et al, 2004; LÜ et al, 2011) . These structures are composed by lamellar packets (Figure. The images concerning the KAM maps show the evolution of local deformation energy in the deformed microstructures of the 8Al steel at 10% and 50% reductions in Figure 3 (a) and (b), as well as those of the 2Al steel also at 10% and 50% reductions in Figure 3 (c) and (d), respectively. Similar aspects were observed in a MnCu alloy, where the dislocation structure changes from a homogeneous arrangement to a strongly heterogeneous one during deformation, and areas with small and large KAM represent low and high dislocation densities respectively (ZHONG et al, 2007) . The evolution process of the substructures from the homogeneous arrangement to the heterogeneous one is clearly observed in both steels (Figure 3) .
Deformation twins were not detected on the IQ maps, where slip lines can be observed, and only remaining annealing twins were seen in both 8Al and 2Al steels at 10% reduction, as shown in Figures 2(a) and (d) . This indicated that slip is responsible for accommodation of plastic deformation energy at lower strain in such steels. It has been reported that two layer stacking faults act as a twin nucleus, and secondary polar sources created by the interaction of perfect dislocations with the Shockley twinning partials, probably control the twin growth. Furthermore, the mechanical twins, containing a high level of sessile dislocations, improve the composite strengthening effect in the Fe-Mn-C, Hadfield-related, TWIP steels (IDRISSI et al, 2010) . Accordingly, deformation twins are formed on slip traces to accommodate further plastic deformation at higher strain levels in both 8Al and 2Al steels ( Figure  2) . Deformation twinning was activated in the tensile-deformed 2Al steel at 0.2 true strain/950 MPa (GUTIERREZ-URRUTIA and RAABE 2012).
Other authors (DONADILLE et al, 1989) realized that in 316 L austenitic stainless steel, deformation twins formed on {111} planes, which was attributed to preferential slip of both the matrix and twin components on the common aligned {111} twinning planes, as observed in these steels (Figure 2 and Figure 5 ). The {hkl} planes were here defined by selecting {111} in the interactive view in the TSL software. The 1 and 2 arrows on the maps in Figure  2 (b) and (c) were marked to reproduce their respective misorientation profile graphs shown in Figure 4 (a) and (b), respectively. Curves on the graphs in Figure 4 show occurrence of mechanical twins, which can be differentiated from slip lines, since the rotation of the parent crystal around a <111> axis through an angle of 60º crystallographically describes the Σ3 twin in f.c.c. alloys. Deformation twinning in matrix was detected in the 8Al sample at 20% reduction (Figures 2(b) and 4(a) ), which may be related to the theory of emissary slip (CHRISTIAN and MAHAJAN, 1995) that implies a physical separation of the shape change associated with twin formation and the change of lattice orientation, where one of the twin interfaces intersected the free surface in a series of zig-zag markings, Figures 2(b) .
Figure 1
Image quality maps showing the deformation microstructures of the hot-rolled (ε=0) and cold-rolled 8Al and 2Al steels with progressing ε. RD: rolling direction and ND: normal direction.
The onset of non-crystallographic shear band (SB) formation can be also noted at higher strain (Figures 2(c) and (f)) in both 8Al and 2Al alloys as observed in other steels (DONADILLE et al, 1989; VERCAMMEN et al, 2004; LÜ et al, 2011) . KAM maps in Figure 3 indicated that the non-dissipated energy in the deformed microstructures was stored mainly in low-angle grain boundaries, and evidenced a relative homogeneity of the deformed microstructures at low deformation level, as indicated by the small variation in the labeled gray scale on the KAM plots, whereas, at high deformation level, part of the plastic deformation energy was stored on deformation twins and on shear bands, indicating the occurrence of the microstructural heterogeneities in the 8Al steel, Figure 2(c) , and more markedly those in the 2Al steel, Figure 2(f) . This is also indicated by the increased KAM angle range on the KAM maps ( Figure  3(b) and (d) ) of the samples deformed to strain of about 0.7. As observed in Figure  2 , dislocation slip was predominant in the 8Al steel, even at higher strains (~0.7), while slip and profuse mechanical twinning was observed in the 2 Al steel at such strain level. 
Discussion
The microstructural changes is attractive for the insight of the resultant extreme mechanical properties of the rolled high-Mn austenitic steels, owing mainly to the dislocation refinement and deformation twinning development (TWIP effect), where the enhancement of strength and ductility is associated with the deformation mechanisms of γ-phase, depending on SFE. As detected in Figure  2 (a) and (d), deformation twins were not observed at low strain (~0.1), where only slip was observed for both steels. In order to clarify the presence of deformation mechanisms at low and medium strains in the 8Al steel at strain levels of 0.22 (Figure 5(a) ) and 0.69 ( Figure 5(b) ), ECCI images were obtained to show the occurrence of stacking faults, planar dislocation structures, mechanical twins, and shear bands. The high carbon and Al contents in the Fe-30.5Mn-8.0Al-1.2C (wt%) steel corroborate to precipitation (even in water quenched samples) of κ-carbides (PARK, 2012), which stabilizes planar dislocation substructures (HUANG et al, 1994; PARK et al, 2010; PARK, 2012; GUTIERREZ-URRUTIA and RAABE, 2013) . ECCI images in Figure 5a shows that, in the 8Al steel sample at ε=0.22, grains identified as Grain 1, Grain 2, Grain 3, and Grain 4 have stacking faults and dislocation planar substructures, with slip on the operative {111} planes, indicating the dominance of slip. This suggests the possibility of planar slip stabilized by intragranular precipitation of nano-sized carbides in such steel. Further deformation twinning and shear banding were also observed at higher strain (Figure 5b ). The ECCI image in the inferior right corner in Figure 5(b) is the increased magnification image from the marked area in the ECCI micrograph of Grain 3. Mechanical twins and shear bands (SB) were found in different grains (Grain 1, Grain 2, and Grain 3), where a bundle of twins inside shear bands, Figure 5 (b), were also observed. These microstructural features are known as Cu-type shear bands that form the herring bone structure (Figure  1) , and the well-established retainment of Goss orientation texture in the shear bands in the microstructure, as also found in other f.c.c. alloys (DONADILLE et al, 1989 ). An overshooting/latent-hardening effect can be caused by the closely spaced twin lamellae. When this effect is caused by the twin lamellae, the onset of shear banding can occur (LEFFERS and RAY, 2009) , as observed in the 2Al steel ( Figure  2 (e) and (f)) and in the 8Al steel ( Figure  5 (a)-(d)). As a result, the inhomogeneous microstructures emerge at higher strain level for both steels, and more markedly in the 2Al steel, as can be seen in Figure  2 (c) and (f), where twinning activity of Σ3 twins, represented by the red lines, is more intensive in the 2Al steel than that found in the 8Al steel, owing to its high amount of Al added as alloying element, reducing twin formation. This occurs because the critical resolved shear stress required for twin formation increases with increasing SFE (PARK et al, 2010) . When twinning became an additional important mode of deformation in Ni-40%Co alloy, extensive deformation twinning was activated in different deformation stages as primary and secondary twins in the α-brass and MP35N alloys (ASGARI et al, 1997) . The 2Al alloy may have these different deformation stages, as also investigated in such tensile-deformed alloy in previous work (GUTIERREZ-URRUTIA and RAABE, 2012) . On the other hand, the 8Al alloy has delay mechanical twinning, diminishing the number of deformation stages on such steel compared to those on the 2Al steel at the same strain range. Non-crystallographic shear bands (usually oriented at 25-35° to the RD) and in matrix, has been observed in some f.c.c. alloys. Furthermore, shear banding and occurrence of structures of twins were observed in a 316 L austenitic stainless steel at 70% thickness reduction (DONADILLE et al, 1989) . Accordingly, these microstructure features appeared in the 2Al steel and in the 8Al steel (Figure  2 (c) and (f))) at ε=0.69, where shear bands and mechanical twins were observed. It was reported that the twin lamellae lattice distortion and shear banding are plastic instabilities, where deformation tends to concentrate in twinned areas, resulting in strongly inhomogeneous microstructures in Fe-Mn-Al-C alloys, with an increased stored energy (DONADILLE et al, 1989; LÜ et al, 2011) , such as those identified in the microstructures of both steels by means of KAM maps, as shown in Figure  2 (c) and (f) and Figure 3 (b) and (d). This geometrically strengthened structure is caused by the Schmid factor for slip, decreased towards zero (twin plane), on the operative planes (VERCAMMEN et al, 2004) . These deformation mechanisms can homogeneously be formed/adjusted in TWIP steels during the tensile and cup forming tests (used in automobile industries), optimizing technological properties in cup formability. In summary, planar dislocation structures and few mechanical twins developed at 10%-40% reduction in the 8Al and further SB at 50 %, while for the 2Al steel slip lines and profuse mechanical twins developed at 10%-40% reduction and further SB at 50%. Figure 5 ECCI images of the 8Al steel samples at (a) ε=0.22 and at (b) ε=0.69 for different grains (right inferior corner ECCI image is from enlarged SB region of the Grain 3). X-like marks represent {111} plane traces (They were marked on the specified plane for the datapoint selected on the EBSD maps on the grains where their ECCI images were obtained. The length of the traces drawn is proportional to the inclination of the plane relative to the sample surface. The more inclined the plane the longer the trace). RD -Rolling direction. 
Conclusions
Microstructural modification was examined in the two cold rolled low-density high-Mn steels, namely, Fe-30.5Mn-2.1Al-1.2C and Fe-30.5Mn-8.0Al-1.2C (wt%). EBSD observations indicated that stacking faults, slip lines, mechanical twins, and shear bands were found as the main microstructural features in both steels. Planar dislocation substructures were observed at low strain level in the 8Al steel, in addition to mechanical twins and shear banding, with a bundle of twins, formed in its microstructure at higher strain (50% reduction). Increase of mechanical twinning and shear banding were associated to a relatively microstructural heterogeneity development in the steels at higher strains. It was suggested that Al addition can be attributed to the planar dislocation formation, which was favored by sheared κ-carbides in the Fe-Mn-Al-C alloy with a higher amount of Al (8wt%). Twinning activity was more intensive in the 2Al steel, owing to its lower SFE. This behavior is similar to that found in TWIP steels belonging to the Fe-Mn-C system.
